The wealth of comparative genomics data from yeast species allows the molecular evolution of these eukaryotes to be studied in great detail. We used ''proximity plots'' to visually compare chromosomal gene order information from 14 hemiascomycetes, including the recent Gé nolevures survey, to Saccharomyces cerevisiae. Contrary to the original reports, we find that the Gé nolevures data strongly support the hypothesis that S. cerevisiae is a degenerate polyploid. Using gene order information alone, 70% of the S. cerevisiae genome can be mapped into ''sister'' regions that tile together with almost no overlap. This map confirms and extends the map of sister regions that we constructed previously by using duplicated genes, an independent source of information. Combining gene order and gene duplication data assigns essentially the whole genome into sister regions, the largest gap being only 36 genes long. The 16 centromere regions of S. cerevisiae form eight pairs, indicating that an ancestor with eight chromosomes underwent complete doubling; alternatives such as segmental duplications can be ruled out. Gene arrangements in Kluyveromyces lactis and four other species agree quantitatively with what would be expected if they diverged from S. cerevisiae before its polyploidization. In contrast, Saccharomyces exiguus, Saccharomyces servazzii, and Candida glabrata show higher levels of gene adjacency conservation, and more cases of imperfect conservation, suggesting that they split from the S. cerevisiae lineage after polyploidization. This finding is confirmed by sequences around the C. glabrata TRP1 and IPP1 loci, which show that it contains sister regions derived from the same duplication event as that of S. cerevisiae.
T
he same features-small genome size, high gene density, and a near-absence of introns-that made Saccharomyces cerevisiae an ideal subject for the first eukaryotic genome project also make the hemiascomycete fungi attractive for comparative genomics studies. After some initial studies that demonstrated that gene order can be conserved between S. cerevisiae and hemiascomycetes from genera such as Ashbya, Kluyveromyces, and Candida (1) (2) (3) (4) , and that the extent of gene order conservation decreases with increasing evolutionary distance (4, 5) , the Génolevures project (6) systematically surveyed the genomes of 13 hemiascomycete species. These genomes were sequenced to between 0.2ϫ and 0.4ϫ coverage, by using paired sequence reads from both ends of plasmid library clones, thereby gathering extensive information on their gene content and order.
By analysis of the locations of duplicated genes, we proposed in 1997 that S. cerevisiae is a paleopolyploid-i.e., that the entire genome became duplicated at some point in its evolutionary past and subsequently sustained rearrangements and gene loss (7) . Under this hypothesis, every part of the S. cerevisiae genome should be paired with another part, but in our original study we were able to map only about 50% of the genome into sister regions because these could be recognized only if they contained several duplicated genes. We predicted that the remainder of the genome could be paired up if the sequences of more genomes became available (8) . The Génolevures project, as well as other sequencing surveys (5, 9) and the Candida albicans genome project, now provides the necessary information. We show here that almost the entire genome of S. cerevisiae lies in sister regions derived by descent with modification from single ancestral regions. The Génolevures data strongly confirm the polyploidy model, contrary to the claims made in papers reporting these data (6, (10) (11) (12) .
Methods
The Génolevures data, comprising 2,500-6,000 plasmid endsequences for each of 13 hemiascomycete species (6), were downloaded from www.genoscope.fr͞externe͞sequences͞ banqueProjetAR. The contig assemblies described in the Génolevures publications (6) were not available, so we assembled contigs for each species by using PHRAP (www.phrap.org), after augmenting the datasets for some species by including sequences from GenBank and other projects (5, 9) . Sequence assembly 6 for C. albicans was obtained from the Stanford Genome Technology Center website at www-sequence. stanford.edu͞group͞candida.
We used the S. cerevisiae genome annotation of Wood et al. (13) , downloaded from ftp.sanger.ac.uk͞pub͞yeast͞SCreanno-tation. All assembled contigs were used as queries in BLASTX searches against the 5,583 annotated proteins (excluding ''very hypothetical'' proteins and pseudogenes), with the seg filter (14) . For any gene-sized region in a contig, we considered the S. cerevisiae protein with the strongest BLASTX hit to be the ortholog, provided that the Expect value (E-value) for this hit (i) was Ͻ1eϪ10, and (ii) was more than 1e10 times lower than the E-value for the second-best hit to the same region of the contig. Any hits failing the second criterion were flagged as ambiguous.
For a particular species (say, Kluyveromyces lactis), the available gene order information is of two types (Fig. 1a) . First, a single sequence read, or an assembled sequence contig, may contain two adjacent K. lactis genes. We refer to these genes as contig-linked neighbors. Second, because the Génolevures project sequenced both ends of small plasmid clones, in some cases we know that two genes are a short distance apart on a K. lactis chromosome even where the sequence between them remains unknown and might contain some other genes. We refer to these gene pairs as clone-linked neighbors.
The ''proximity plots'' method was developed to visualize fragmentary gene order data (Fig. 1b) . First, we use a matrix that can display any possible gene order arrangement in a yeast species, using the S. cerevisiae genome as a reference. The matrix is depicted as a 5,583 ϫ 5,583 pixel plot, in which the x and y axes both represent gene positions in the S. cerevisiae genome. The position of a gene in S. cerevisiae is simply a number between 1 and 5,583, obtained by numbering the genes sequentially from the left arm of chromosome I thru the right arm of chromosome XVI. On the matrix, dots are plotted to represent gene order information from species other than S. cerevisiae.
For example, if we know that in K. lactis gene A is beside gene B (either as contig-linked neighbors or clone-linked neighbors), This paper was submitted directly (Track II) to the PNAS office.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AF520060 and AF520061). a dot is drawn on the plot at the coordinate (A,B). We use different colors to distinguish contig links (black dots) from clone links (red dots). In addition, links involving ambiguous hits appear as green dots ( Figs. 1 and 2 ). To make a proximity plot by using data from K. lactis, all available information about neighboring genes in K. lactis is plotted. It is possible to combine gene order data from multiple source species into a single plot. It is also possible to superimpose the locations of duplicated S. cerevisiae gene pairs onto the proximity plot, even though this is a different type of information (sequence similarity instead of gene order). To do this, duplicated genes within the S. cerevisiae genome were identified by using SSEARCH (15) , and pairs of proteins that are mutual best hits, with E Ͻ 1eϪ5, were plotted as yellow dots (Figs. 1 and 2 ). The complete proximity plot is too large to reproduce here, but parts of it are shown in Figs. 1-3 , and the whole plot can be browsed interactively at wolfe.gen. tcd.ie͞prox.
For phylogenetic analyses, contigs containing the complete ribosomal DNA repeating unit from each species were identified. The contiguous sequence between the 5Ј end of the SSU gene and the 3Ј end of the LSU gene (5,873 aligned sites) was aligned by using TCOFFEE (16) and analyzed by the NJ method as implemented in CLUSTALW (17) , and by TREXML (18) .
Candida glabrata TRP1 clones (pT2, pT16) were gifts from Dr. K. Kitada (Nippon Roche Research Center, Kanagawa, Japan; ref. 19 ). The C. glabrata region between IPP1 and SOK1 was amplified in two segments (IPP1 to HHT2, and HHT2 to SOK1) by long-range PCR. Primers for IPP1 and SOK1 were designed by using CODEHOP (20) from multispecies alignments. Primers for HHT2 were based on the sequence of HHT1 from the TRP1 region. DNA was sequenced commercially by Medigenomix (Martinsreid, Germany) and MWG-Biotech (Ebersberg, Germany) (GenBank accession nos. AF520060 and AF520061).
Results and Discussion
Proximity Plots. We compared fragmentary information about gene order in 14 hemiascomycete genomes to the S. cerevisiae genome sequence. The ''proximity plots'' method was devised to visualize the results (see Methods). These plots resemble dot matrix plots, but they display information about gene order instead of sequence similarity. Gene order conservation between S. cerevisiae and another species appear as dots on the major (central) diagonal ( Fig. 1 a and b) . Dots anywhere else in the plot indicate rearrangements. Several previous studies have reported examples where K. lactis (or Kluyveromyces marxianus) has an ''ancestral'' gene order consisting of intermingled genes from parts of two different S. cerevisiae chromosomes (2, 4, 11, 21) . In a proximity plot, this intermingling creates ''minor'' diagonals of dots between the two S. cerevisiae chromosomes involved (Fig.  1b) . The minor diagonals identify paired regions of the S. cerevisiae genome that are sisters produced by duplication of an original genomic region, which had a gene order similar to what is currently found in K. lactis, followed by extensive gene deletion.
An example of a minor diagonal is shown in Fig. 1 c-e, representing sister regions between parts of chromosomes IV and XII. The proximity plot method allows gene order information from multiple species to be superimposed. When gene order data from only K. lactis is plotted, the minor diagonal is scarcely visible (Fig. 1c) . It becomes much clearer when data from all 14 species is plotted simultaneously because many of the species have fragments of ancestral gene order (Fig. 1d) . In Fig.  1e , S. cerevisiae duplicate gene pairs (yellow dots) and gene order information involving ambiguous assignments (green dots) have been added. It is noteworthy that this method of comparison is useful only if the genome forming the axes (S. cerevisiae) contains duplicated regions. If the reference genome is not duplicated relative to at least some of the other species, no minor diagonals will be present.
Coverage. The minor diagonals indicate which parts of the S. cerevisiae genome are sister regions produced by duplication. Many of these correspond to the duplicated chromosomal regions identified in our earlier study (7) , but it is important to emphasize that the earlier study used only information about the location of duplicated genes in S. cerevisiae, whereas the proximity plots use only information about gene order in other hemiascomycetes. The two data sources are independent ways of identifying regions of the S. cerevisiae genome that have been produced by duplication. The advantage of the gene order method is that sister regions can be identified even if they do not retain any duplicated genes.
Using proximity plots made from gene order information alone (i.e., red and black dots in Fig. 1 ; duplicated genes were not used) from the 14 hemiascomycetes, we identified 88 minor diagonals, thereby assigning 176 sections of S. cerevisiae chromosome into sister pairs. These regions cover 3,900 of the 5,583 genes in the genome (70%). There is almost no overlap between the regions, with only 23 genes located within more than one sister. Lack of overlap between sister regions is a key prediction of the polyploidy hypothesis (7) .
To maximize the map of sister regions, we superimposed information about duplicated genes onto the proximity plots. Pairs of S. cerevisiae genes that are mutual best hits in SmithWaterman protein searches are plotted as yellow points ( Fig. 1  b and e) . We also found that gene order data could be included even for genes whose orthology relationships are uncertain; these are shown as green dots in Fig. 1e . Using these combined plots, almost the entire S. cerevisiae genome could be assigned to 112 pairs of sister regions. Sister regions cover 4,561 genes (82% of the genome), with many of the remaining gaps lying in subtelomeric regions. The largest unpaired section of the genome is only 36 genes long. Only 35 genes are assigned to overlapping regions, and 11 of these are not problematic because they are single genes located at boundaries between one minor diagonal and the next.
The major and minor diagonals involving chromosome V are shown in Fig. 2 as an example of how the sister regions abut one another. In addition to the previously described sister region between the right arm of chromosome V and the left arm of chromosome IX (7), a second large sister region is present at the centromeres of these chromosomes (Fig. 2) . This region was not detected previously because it contains only one duplicated gene.
The fact that the sister regions tile together to cover almost the whole genome, and almost without overlap, provides clear support for the hypothesis of paleopolyploidy in S. cerevisiae (7) . Each part of the genome has exactly one sister, because the whole genome became duplicated in a single event and subsequently became rearranged into the smaller fragments that we now recognize as sister regions. The model of successive independent duplications of chromosomal regions proposed by Llorente et al. (11) can be largely ruled out because it predicts that significant numbers of overlapping sister regions should be present.
Pairs of Centromeres. Several of the sister regions span centromeres (Fig. 3a) , allowing the following centromere pairs to be identified: I͞VII, II͞IV, III͞XIV, V͞IX, X͞XII, and XIII͞XV. Centromere pairs can also be made between chromosomes VI͞XVI and VIII͞XI, although in these cases the sister regions end very close to the centromere rather than running across it. In all eight cases, the relative orientation of the two centromeres matches the overall orientation of the paired regions. Thus, the slopes of the minor diagonals for the I͞VII and XIII͞XV pairs (where one centromere's CDE I-CDE III elements are on the w strand and the other's are on the c strand) are opposite to the slopes for the other six centromere pairs, which are all w͞w or c͞c (Fig. 3a) . The assignment of the centromeres to eight pairs can be verified quantitatively by counting the numbers of dots in proximity plots that are close to pairs of centromeres, for all possible combinations of centromeres (Fig. 3b) .
This result confirms and extends previous proposals (5, (22) (23) (24) and indicates that the 16 centromeres of S. cerevisiae were produced by duplicating a set of eight centromeres. Because the number of centromeres must equal the number of chromosomes, the S. cerevisiae genome must have evolved from an ancestor with eight chromosomes by duplicating each centromere once. This result could have occurred only through polyploidization.
Genome Status of Each Species. As well as generating a map of sister regions in the S. cerevisiae genome, the proximity plots of contig links allow the relationship of gene orders between each other species and S. cerevisiae to be quantified. If duplicated genes are ignored, and if gene deletion after polyploidization proceeds randomly on each of the daughter chromosomes, the proximity plot for a species that diverged from S. cerevisiae before the polyploidization is expected to have 50% of its points on the major diagonal and 50% on minor diagonals (Fig. 1b) . This result is essentially what we find for K. lactis: after eliminating 26 stray points (points that are on neither diagonal and possibly correspond to gene transpositions, orthology misassignment, or cloning artifacts; ref. 25) , 44% of the 161 remaining contig-link points are on the major diagonal, 54% are on the minor diagonal, and the other 2% are ''off-major'' (Fig. 4a) . This third category represents cases where, if the S. cerevisiae gene order is A-B-C, the K. lactis order is A-C, so that gene order is almost conserved and the corresponding points appear slightly off the major diagonal in proximity plots. Clone link information cannot be used to detect off-major points reliably, so only contig links were used for this analysis. Off-major points may be the result of gene transpositions in either species, or complete gene loss from the K. lactis genome.
The distribution of points between major and minor diagonals is not significantly different from 50:50 in Zygosaccharomyces rouxii, Saccharomyces kluyveri, Kluyveromyces thermotolerans, K. lactis, and K. marxianus ( Fig. 4a ; P Ͼ 0.05 by 2 test), indicating that these five species diverged from the S. cerevisiae lineage before the polyploidization event. For the more distantly related species C. albicans and Pichia angusta, the number of points on the minor diagonal remains close to 50%, but the number of off-major points increases significantly at the expense of the major diagonal itself. This result is probably due to the accumulation of large numbers of local gene inversions at large evolutionary distances (11, 26) . For Saccharomyces bayanus, almost all of the points are on the major diagonal because it diverged from S. cerevisiae long after the polyploidization. The small number of gene order differences between S. bayanus and S. cerevisiae has been analyzed in detail by Fischer et al. (25) .
Saccharomyces exiguus, Saccharomyces servazzii, and C. glabrata.
The distributions of points for S. exiguus and S. servazzii are noticeably different from those of the K. lactis group (Fig. 4a) , with about 69% of points lying on the major diagonal and a larger number of off-major points (10-13%) than seen in either S. bayanus or the K. lactis group. The increased gene order conservation in these species was also noted by Llorente et al. (11) . By computer simulation, we find that their genome arrangements could be explained if those species diverged from the S. cerevisiae lineage after polyploidization, but before the process of gene deletion from sister regions was complete (Fig. 4 b and  c) . Phylogenetic analysis of ribosomal RNA genes (Fig. 4d) gives a well-resolved tree where S. servazzii and S. exiguus form a monophyletic group more closely related to the S. cerevisiae͞S. bayanus pair than to any other species in Génolevures. S. exiguus and S. servazzii are estimated to have 16 and 12 chromosomes, respectively (28) , as compared with the basal number of 6-8 chromosomes in K. lactis, Z. rouxii, and S. kluyveri (4, 6) . It is therefore possible that the genome duplication occurred at the point marked with an asterisk in Fig. 4d , with a secondary reduction (or possible underestimate; ref. 28 ) of chromosome numbers in S. servazzii.
We have previously proposed that the pathogenic yeast C. glabrata may also have diverged from the S. cerevisiae lineage after polyploidization (29) . C. glabrata was not included in the Génolevures study, but the small amount of gene order data available for it shows a distribution of points similar to those from S. exiguus and S. servazzii (Fig. 4a) . To examine the gene order relationship between C. glabrata and S. cerevisiae in more detail, we completely sequenced two regions of the C. glabrata genome around the TRP1 and IPP1 loci. These loci were chosen because extensive data are already available for them from other species (Fig. 5) . In S. cerevisiae, TRP1 and IPP1 are on chromosomes IV and II, respectively, within a pair of sister regions. In species such as K. lactis, genes from these regions are intermingled at a single locus, and a putative ancestral gene order can be inferred (Fig. 5) . In C. glabrata, there are two separate genomic regions with gene orders similar to S. cerevisiae chromosomes II and IV. For these loci, and probably for the whole genome, the duplication of an ancestral region and much of the sorting-out of genes onto the two daughter regions clearly occurred before the speciation of C. glabrata and S. cerevisiae. , and in the off-major category (gray). The total number of contig links for each species is shown in parentheses, after excluding stray points that were not near any diagonal. Species that are not shown yielded fewer than 50 non-stray points. Only the 82% of the genome for which minor diagonals have been identified was analyzed, and only unambiguous contig links were used. (b) Theoretical expectations of the distribution of major, minor, and off-major points in species that diverged from S. cerevisiae before the genome duplication (species X) or after it (species Y), as shown in c. The asterisk represents genome duplication. For species Y, ''d'' represents the duplication date and ''s'' the speciation date, and the data were produced by computer simulation assuming that genes are deleted at a constant rate. (d) Phylogenetic tree drawn from rDNA sequences (17) . The asterisk shows the proposed point of genome duplication. The same topology was obtained for a tree that omitted the bottom five species, and by TREXML (18) . A. gossypii data are from ref. 27 . (25) .
